with the help of motor proteins (Hoyt and Geiser, 1996) . Spindle checkpoints ensure that only one member of each pair of sister chromatids moves to a particular pole by preventing the activation of the APC until all chromosomes are aligned at the metaphase plate and ized C. elegans BIR-1.
Results

proliferates (Figure 1B). Immunostaining of fixed embryos with affinity-purified anti-BIR-1 antibodies revealed that BIR-1 was present in dividing cells at multiple C. elegans BIR-1 Is Most Similar to Human Survivin
sites ( Figure 1C , top row). Little BIR-1 immunoreactivity We and others (Fraser et al., 1999) independently isowas detected in differentiating cells ( Figure 1C , bottom lated cDNA clones for C. elegans bir-1. BIR-1 encodes row). All BIR-1 staining was eliminated following bir-1 a 155 amino acid (aa) protein that is most similar in size RNAi, further confirming the specificity of the antibodies and structure to human survivin (Fraser et al., 1999) .
(data not shown). These findings suggest that BIR-1 is expressed in dividing cells.
BIR-1 Expression Correlates with Cell Division
To determine when and where BIR-1 is expressed during development, we generated antibodies against BIR-1, BIR-1 Localizes to Chromosomes and to the Spindle Midzone during Mitosis and Meiosis which we used for Western blot analysis and wholemount staining. Our affinity-purified anti-BIR-1 antibodTo characterize the subcellular localization of BIR-1 in dividing cells, we focused on the first embryonic diviies recognized a single band of about 18 kDa; this band was absent in wild-type embryos depleted of BIR-1 using sion, in which mitotic structures are largest ( Figure 2A ). BIR-1 immunoreactivity was first detected on prometa-RNA-mediated gene interference (RNAi) (Fire et al., 1998), confirming that the 18 kDa band was BIR-1 ( Figure 1A) . phase chromosomes (Figure 2A , PROPHASE) and persisted on these chromosomes at the metaphase plate We probed total protein extracts from embryos, synchronized larvae and adults with affinity-purified anti- (Figure 2A , METAPHASE). BIR-1 staining overlapped with DNA rather than with the kinetochore, as deter-BIR-1 antibodies, and found that BIR-1 expression was highest in embryos, in which there is substantial cell mined by triple-staining with DAPI and antibodies against BIR-1 and HCP-1 (a kinetochore component division, and lowest in L1 larvae that were growth and cell-division arrested by food deprivation ( Figure 1B) .
(Moore et al., 1999) (data not shown). During anaphase, BIR-1 was present both on chromosomes and the spin-BIR-1 was present at low levels in growing L2, L3, and L4 larvae as well as in adults, in which only the germline dle midzone (Figure 2A, ANAPHASE) . During telophase, BIR-1 immunoreactivity was no longer detectable on BIR-1 was also present during meiosis ( Figure 2B ). C. elegans oocytes are arrested at diakinesis of meiosis I decondensing DNA but was still present on the spindle midzone (Figure 2A, TELOPHASE) . Following cytokineuntil meiotic maturation and nuclear envelope breakdown are initiated in the oocyte adjacent to the spermasis, BIR-1 staining persisted at the cytokinetic remnant (Figure 2A, CYTOKINESIS) . We observed a similar pattheca. Oocytes ovulate by entering the spermatheca, where sperm is stored, and become fertilized. Female tern of immunoreactivity within cells during subsequent divisions (data not shown).
meiotic divisions proceed in the anterior of the fertilized oocyte, while sperm chromosomes remain condensed to spindle assembly, which was normal, the cytokinetic furrow initiated at the correct place and time (Figures in the posterior. As homologs and then sister chromatids 3B and 3G), but after ingressing to a great extent then separate, two sequential cytokinetic furrows divide the regressed, leaving multiple nuclei within one cytoplasm cell at the spindle midzone that forms between segregat-( Figure 3H ). These findings corroborate the observations ing chromosomes. These divisions expel the DNA that of Fraser et al. (1999) . In addition, we observed that in will not contribute to the maternal pronucleus as two some bir-1(RNAi) embryos as chromosomes segrepolar bodies at the anterior of the fertilized oocyte. Upon gated, a separate nonsegregating presumably chromocompletion of meiosis II, the oocyte and sperm DNA somal body was present in the center of the embryo decondense to form the maternal and paternal pronu-( Figure 3G ). In some embryos, distinct chromosome clei, respectively, and the single paternally derived separation did not occur (data not shown). Even though centrosome duplicates. The pronuclei migrate to meet bir-1(RNAi) embryos did not complete cytokinesis, they each other, and during this migration chromosomes be- of meiosis, and apparently normal oocytes formed. In The localization of BIR-1 to chromosomes and the bir-1(RNAi) fertilized oocytes, meiotic maturation ocspindle midzone suggested that BIR-1 may function in curred normally, since at metaphase I a nuclear envechromosomal and spindle processes during meiosis and lope (as determined using an anti-nucleoporin antibody) mitosis.
was not present (data not shown). Even though chromosomes appeared properly paired and condensed, birFertilized Oocytes and Embryos Lacking BIR-1 1(RNAi) fertilized oocytes had defects in the alignment Display Chromosomal and Spindle Defects of paired homologs during meiosis I (Figures 4A and To determine whether BIR-1 is functionally important 4B). Furthermore, separation of some if not all homologs for chromosomal and spindle processes, we used RNAi and sister chromatids did occur, but segregation of to block bir-1 function and, using Nomarski differential these chromosomes and formation of the spindle midinterference contrast optics, found that bir-1(RNAi) emzone were severely compromised in bir-1(RNAi) fertilbryos lacked polar bodies and had a defect in the comized oocytes ( Figures 4D and 4E ). Paternal meiosis to form sperm, which occurs during larval development pletion of cytokinesis during mitosis ( Figure 3H ). Relative prior to the time we injected double-stranded (ds) bir-1 was not localized to chromosomes in the absence of BIR-1 ( Figure 5B ). This lack of AIR-2 localization to chro-RNA, was unaffected (data not shown). Furthermore, in bir-1(RNAi) fertilized oocytes, polar bodies were not mosomes was at least partially specific, because another kinase, the Polo-like kinase PLK-1, was still localformed and all chromosomes decondensed and became part of the maternal pronucleus ( Figures 4G and 4H) . In ized to chromosomes in the absence of BIR-1 ( Figure  5C ). We could not evaluate the presence of BIR-1 and bir-1(RNAi) fertilized oocytes in which the maternal and paternal pronuclei were near each other, the paternal AIR-2 on the spindle midzone, since in the absence of either AIR-2 or BIR-1 this structure was either not formed chromosomes were always condensed while the maternal chromosomes were often not condensed (data not or so severely disorganized that it was not visible with any spindle midzone markers. shown). By contrast, in wild-type fertilized oocytes maternal and paternal chromosomes condense at the same time.
Histone H3 it is possible that BIRPs normally function to prevent than the complete absence of the spindle midzone that cell death. We tested whether the cytokinesis defect we observed in bir-1(RNAi) embryos (see above).
seen in bir-1(RNAi) embryos could be prevented by By contrast, we discovered that interference with the blocking programmed cell death. We injected cedfunction of the Aurora-like kinase air-2 leads to defects 3(n717) and ced-4(n1162) animals, in which little or no indistinguishable from those seen following interference programmed cell death occurs (Ellis and Horvitz, 1986), with bir-1 function (Figure 4 ; Table 1 ). Interestingly, the with bir-1 dsRNA and found that the cytokinesis defect temporal and spatial localization of AIR-2 (Schumacher of bir-1(RNAi) embryos was not affected by preventing et al., 1998) appears to be identical to that of BIR-1.
programmed cell death ( Figures 7D, 7E , and 7F) (p value These observations suggest that BIR-1 and AIR-2 may for N2 vs ced-3 ϭ 0.10; p value for N2 vs ced-4 ϭ 0.08). act together during meiosis and mitosis. experiments. Embryos produced 15-18 hr after injection were examined for defects. For Western analysis, L3-L4 staged animals were development, harvested, and analyzed using SDS-PAGE. SDS-PAGE gels were stained with Coomassie blue to standardize loadsoaked in bir-1 dsRNA at a concentration of 1 mg/ml in 0.2 M sucrose and 0.1 M PBS with lipofectin reagent (0.067 g/ml, Gibco BRL) for ing, or samples were transferred to nitrocellulose and protein levels gauged by Ponceau staining followed by immunoblotting by stan-36 hr at 20ЊC. Survivin rescue experiments were performed as follows: animals were injected with bir-1 dsRNA or bir-1 and survivin dard procedures. BIR-1 protein was visualized using horseradish peroxidase-conjugated secondary antibodies (Bio-Rad) and chemidsRNA and were checked ‫81ف‬ hr later to confirm that they were producing affected embryos. These animals were then reinjected luminescent detection reagents (Amersham). Affinity-purified anti-BIR-1 antibody was used at 1:20 or 1:50 dilutions.
with buffer, with GFP driven by the bir-1 promoter, or with both GFP and survivin being driven by the bir-1 promoter, and embryos scored 15-24 hr after they were laid for GFP fluorescence and cellularizaImmunohistochemistry tion. For the cell-death experiments, N2, ced-3 (n717), or cedFor most antibody staining, animals were processed and stained 4(n1162) animals were injected with bir-1 dsRNA, and embryos proas follows. Gravid hermaphrodites were dissected in M9 (Wood et duced by mothers 15-18 hr after injection were scored for cellularial., 1988) on poly-L-lysine coated slides, overlaid with a coverslip, zation about 18 hr after they were laid. Statistical analyses were and frozen. Coverslips were removed and slides were immersed in done using the Mann-Whitney test of significance in Statview. Ϫ20ЊC methanol for 10 min. Tissue was blocked with 10% normal serum (NS) in AbA (Finney and Ruvkun, 1990) (NS-AbA) for 1-2 hr Microscopy and Image Acquisition at room temperature and then incubated in NS-AbA with primary
We used a Zeiss Axioplan II microscope for Nomarski differential antibody overnight at 4ЊC. Slides were washed four times for 15 min interference contrast optics and immunofluorescence microscopy. with 10 mM Tris (pH 8.0), 150 mM NaCl, and 0.1% Tween-20 (TBST)
Images were acquired using Sensys cooled CCD camera (Photometat room temperature, incubated in NS-AbA with secondary antibody rics), followed by image analysis and computational deconvolution for 2 hr at room temperature, washed with TBST three times for 15 with Openlabs software (Improvision). Images were colored and min at room temperature, and incubated with 1 g/ml 4, 6-diaminmerged using Adobe Photoshop. ido-2-phenylindole (DAPI) in AbB (Finney and Ruvkun, 1990 ) to visualize DNA. Samples were air dried, mounted in Vectashield (Vector
